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EXECUTIVE SUMMARY 

 

This is the sixth report of a series of seven reports detailing the small-scale mechanical testing 

performed on the baseline welds in this consolidated program. An outline of the reporting flow is 

given in the Introduction to the Summary of Mechanical Properties report 277-T-08. This report 

summarizes and discusses the toughness results of the previous report 277-T-06. 

 

Extensive single edged notched tension and bending (SE(T) and SE(B)) tests were performed to 

apply the SE(T) procedure developed at CANMET as well as standard SE(B) procedures to 

pipeline girth welds as a contribution to a broader project on strain-based design (SBD) for 

pipeline girth weld integrity. This report presents discussions and recommendations related to the 

results which are reported separately. Conclusions are as follows:  

 

1. Surface notched specimens produced relatively straight fatigue crack fronts both without 

(round 1 & round 2) and with (round 3) local compression prior to precracking. 

2. The optimal side grooves were 15 %B (depth of 7.5 %B on each side), where B is the 

thickness of the specimen. A total side-grooving depth of 10 % (5 %B on each side) was 

used for round 3 specimens and appears to have little or no effect on test results, as 

confirmed by the comparison with one plane-sided SE(T) specimen. 

3. Resistance R curves for weld metal (WM) were lower than those for base metal (BM) or 

heat-affected zone (HAZ) specimens, even though the WM overmatched the BM. 

Toughness properties for round 3 welds were superior to those for rounds 1 and 2 weld 

metals, although a difference in pipe wall thickness could moderate this conclusion. 

4. Power-law regression curves generated for data between exclusion lines (following 

ASTM procedures) adequately represented data measured for significantly larger crack 

growth, i.e., within 10 % error for an approximate doubling of crack growth.  

5. Toughness of BM, HAZ and WM increased significantly with decreases in initial crack 

length, although R-curves for dual-torch WM (R2) were relatively insensitive to initial 

crack length.  

6. In an overmatched weld notched in the HAZ, asymmetric deformation occurs at the crack 

tip and leads to biased crack growth and discrepancy in crack length measurements on the 

BM and WM sides. The crack grows toward the lower-strength base metal, and the 

change in crack length Δa tends to be larger on the WM side for overmatched welds.  
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1 INTRODUCTION 

This is the sixth report of a series of seven reports detailing the small-scale mechanical testing 

performed on the baseline welds in this consolidated program. An outline of the reporting flow is 

given in the Introduction to the Summary of Mechanical Properties report 277-T-08. This report 

summarizes and discusses the toughness results of the previous report 277-T-06. Single-edge-

notched tension (SE(T)) procedures and equations have been developed at CANMET to calculate 

the J-integral and J-/crack-tip-opening displacement (CTOD) -resistance curve with the use of 

the unloading compliance technique for a clamped SE(T) specimen [1-3]. The present work was 

done to extend the procedure to pipeline girth welds and to provide data for development of 

strain-based design for pipeline girth weld integrity assessment. Extensive SE(T) and single-

edge-notch bend (SE(B)) testing was performed according to the CANMET SE(T) procedure [2] 

and to ASTM E1820 [4], respectively.  Detailed experimental data and results are reported 

separately [5]. This report has been prepared to present discussions and recommendations related 

to those results.   

2 OBJECTIVES 

The principal objectives of the work were to: 

 

(1) Apply the SE(T) procedure developed at CANMET to pipeline girth welds (base 

metal (BM), heat-affected zone (HAZ) and weld metal (WM) centerline regions), and  

 

(2) Evaluate in detail the results presented in the separate report [5]. 

3 MATERIAL, SPECIMEN PREPARATION, AND TESTING 

3.1 Material Properties and Specimen Preparation 

Relevant material property data for the X100 pipe steel and a description of the welding 

procedures employed to produce the experimental X100 mechanized rolled welds and their 

corresponding mechanical properties are available in the Report 277-T-05 [6].  The following 

information relates to the preparation of fracture specimens from the X100 pipe steel and the 

experimental single and dual-torch welds.   

 Pipe material: pipes of X100 (Grade 690), 914 mm (36 in) diameter by 19.1 mm  

(0.75 in) wall thickness (rounds 1 and 2) and 1067 mm (42 in) by 14.3 mm (0.563 in) wall 

thickness (round 3). 

 Welds: single-torch (round 1) and dual-torch (round 2) rolled girth welds (BM, HAZ & WM 

regions) (Figure 1); single-torch 5G girth welds (round 3)  

 Specimen length: ~345 mm with distance between grips (daylight) H = 10W = 172 mm for 

SE(T) and span S = 4W for SE(B) (round 1 and round 2); 240 mm with daylight H = 10W = 

118 mm (round 3) 

 Specimen length direction: longitudinal to pipe axis (transverse to weld) 
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 Cross-section:   17.5 mm  17.5 mm for base metal and dual-torch welds (WM and HAZ) 

and 17.2 mm  17.2 mm for single-torch welds (round 1 and round 2); for round 3, 14 mm 

× 14 mm (BM) and 12.5 mm × 12.5 mm (WM and HAZ) for SE(B) specimens, 11.8 mm × 

11.8 mm (WM and HAZ) for SE(T) specimens 

 Side-groove details: 45° included angle with 0.5 mm radius; total depth of 15 % (7.5 % on 

each side) for rounds 1 and 2; total depth of 10 % (5 % on each side) for round 3 

 Targeted fatigue precrack depths: 3 mm and 6 mm (Figure 2)  

 Fatigue precrack: from inner diameter (ID) surface of the pipe 

 Test temperatures: room temperature, -20 °C, and -40 °C 

 Local compression: No (rounds 1 and 2); Yes (round 3) 

 Material properties are summarized in Table 1. For HAZ region tests, the calculation of 

fracture toughness values (J and CTOD) was based on the tensile properties of the weld 

metal. The material properties at -20 °C and -40 °C were inferred from the properties in 

Table 1, from the equation in British Standard (BS) 7448: Part 2 [7]. 

 

5 mm5 mm
 

 

5 mm5 mm
 

(a) (b) 

Figure 1.  X100 rolled welds: (a) single-torch (round 1) and (b) dual-torch (round 2). 
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(a) (b) 

Figure 2.  Targeted precrack locations: (a) weld metal centerline and (b) HAZ region (solid line: 3 

mm precrack and dotted line: 6 mm precrack). 

 
Table 1.  Room temperature yield and ultimate tensile strengths of X100 pipe steel and weld metal. 

Material YS (0.2 %) 

MPa 

UTS  

MPa 

Base metal (rounds 1 and 2) 720 830 

Single-torch weld metal (round 1) 825 915 

Dual-torch weld metal (round 2) 827 889 

Base metal (round 3 – pipe A) 648 807 

Base metal (round 3 – pipe B) 710 800 

Single-torch weld metal (round 3, 952-D) 843 (*) 915 (*) 

Single-torch weld metal (round 3, 952-F) 758 (*) 908 (*) 

Notes:  YS: yield strength, UTS: ultimate tensile strength 

 X100 pipe steel tested using strap tensile specimen parallel to pipe axis 

 All-weld-metal strip specimen cut from girth weld 

(*) Average of three clock positions (12:00, 3:00, 6:00) 

3.2 Fatigue Precracking—Local Compression 

Depending on their magnitude and distribution, residual stresses in the weld metal may cause an 

uneven fatigue crack front, such as in Figure 3(a). This was confirmed in early testing of through-

thickness notched SE(B) specimens, where a wavy (uneven) fatigue crack front was obtained. In 

such cases, application of local compression (indentation) to the ligament below the machined 

notch is recommended to achieve a straight fatigue crack front [7]. Figure 3(b) shows a relatively 

straight fatigue crack front resulting from local compression applied prior to fatigue precracking 

according to the procedure in the BS standard [7]. The total plastic strain of local compression 

does not usually exceed 1 % of the specimen thickness, so the effect on fracture toughness 
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measurements is small, especially up to peak load (Figure 4 and Figure 5). Hence, this specimen 

preparation prior to fatigue precracking is recommended for through-thickness-notched 

specimens of welds of this pipe material. The results of B × 2B SE(B) testing (ASTM E1290 

Standard CTOD tests) are reported in 277-T-05 [6]. 

 

TearingTearing

Fatigue crackFatigue crack

NotchNotch

1 cm1 cm

 
(a) (b) 

Figure 3.  Effect of local compression on crack front straightness of through-thickness-notched B × 2B (B = 

17.2 mm) SE(B) specimens: (a) without local compression and (b) with local compression.  Scale in (a) is the 

same as that in (b). 
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Figure 4. Effect of local compression on applied load of through-thickness notched B×2B (B = 17.2 mm) SE(B) 

specimens. 
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Figure 5.  Effect of local compression on J-resistance curve of through-thickness notched B×2B (B = 17.2 mm) 

SE(B) specimens. 

 

For rounds 1 and 2, surface-notched specimens produced relatively even fatigue crack fronts 

without local compression prior to precracking (Figure 6). There was some “bowing,” but in 

most cases the fatigue crack front straightness requirements of the ASTM and BS standards were 

met. In the case of round 3, however, local compression was applied to all SE(T) and SE(B) 

specimens of weld metal and HAZ, with the exception of two HAZ SE(B) specimens. The total 

thickness reduction due to local compression was measured to be in the range 0.06 % - 1.25 % of 

the original thickness. Comparison between the fracture surfaces of specimen DH1 (without local 

compression) and DH6 (with local compression), provided in Figure 7, confirms that, even 

without local compression, relatively straight fatigue crack fronts can be achieved. 

 

TearingTearing

Fatigue crackFatigue crack

NotchNotch

TearingTearing

Fatigue crackFatigue crack

NotchNotch

 
(a) (b) 

Figure 6.  Examples of inner diameter (ID) surface notched SE(T) specimens without local compression prior 

to precracking: (a) ao = 5.1 mm and (b) ao = 7.0 mm.  Finest scale graduations are 1 mm. 
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(a) (b) 

Figure 7.  Fracture surfaces of round 3 HAZ SE(B) specimens DH1 (a) and DH6 (b), without and with local 

compression respectively.  Scale graduations are 0.5 mm. 

 

Table 2 and Table 3 summarize the assessment results of crack size qualification according to the 

requirements of the following standards:  

 

 ASTM E 1820 – 11 [4]:  

o Clause 9.1.4.1 (original crack size): none of the nine physical measurements of 

initial crack size shall differ by more than 0.05 B from the average ao 

o Clause 9.1.4.2 (final crack size): none of the nine physical measurements of final 

physical crack size shall differ by more than 0.05 B from the average ap  

o Clause 9.1.5.1 (crack extension): none of the nine physical measurements of crack 

extension shall be less than 50 % of the average crack extension 

o Clause 9.1.5.2 (crack extension prediction): the difference between the unloading 

compliance predicted crack extension and the measurement shall not exceed 

0.15 Dap for crack extensions less than 0.2 bo and the difference shall not exceed 

0.03 bo thereafter 

 

 BS 7448: Part 2: 1991 [7]: 

o Clause 12.4.1 (original crack size): no two of the inner seven crack length 

measurements shall differ by more than 20 % ao. 

 

Crack size assessments of individual specimens are reported separately [5]. In Figure 6 both 

specimens meet the requirements for fatigue crack front straightness in accordance with BS 7448 

Part 2 (for weld metal) clause 12.4.1. However, only the specimen in (b) satisfies the 

requirements of ASTM E1820 clause 9.1.4.1. This reflects the fact that E1820 is intended for 

homogeneous materials, whereas BS 7448 Part 2 applies to welds. The complexity of welds 

makes achievement of a straight crack front considerably more difficult. 
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Table 2.  Assessment of crack size qualification for SE(T) specimens. 

Material 

Local 

com-

pression 

Target 

ao 

(mm) 

Total no. 

of tested 

specimens 

No. of specimens meeting the requirement* 

ASTM  E1820 

BS 

7448: 

Part 2 

9.1.4.1 

-original 

crack size 

9.1.4.2 

-final 

crack size 

9.1.5.1 

-crack 

extension 

9.1.5.2 

-crack 

extension 

prediction 

12.4.1 

-original 

crack 

size 

BM (R1 & 

R2) 
NO 

3 3 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 

6 4 4 (100) 4 (100) 4 (100) 4 (100) 4 (100) 

WM (R1) NO 
3 7 0 (0) 6 (86) 7 (100) 7 (100) 3 (43) 

6 5 5 (100) 4(100)
#
 4(100)

#
 4(100)

#
 5 (100) 

HAZ (R1) 

WM side
**

 
NO 

3 6 4 (67) 5(100)
#
 5(100)

#
 1(25)

#
 4 (67) 

6 5 5 (100) 5 (100) 5 (100) 4 (80) 5 (100) 

HAZ (R1) 

BM side
***

 
NO 

3 6 4 (67) 3 (60)
#
 5(100)

#
 5(100)

#
 4 (67) 

6 5 5 (100) 2 (40) 5 (100) 2 (40) 5 (100) 

WM (R2) NO 
3 4 1 (25) 4 (100) 4 (100) 4 (100) 2 (50) 

6 4 4 (100) 3 (75) 4 (100) 3 (75) 4 (100) 

HAZ (R2) 

WM side
**

 
NO 

3 4 4 (100) 3 (75) 4 (100) 0 (0) 4 (100) 

6 4 4 (100) 3 (75) 4 (100) 2 (50) 4 (100) 

HAZ (R2) 

BM side
***

 
NO 

3 4 4 (100) 2 (50) 4 (100) 4 (100) 3 (75) 

6 4 4 (100) 2 (50) 4 (100) 3 (75) 4 (100) 

WM (R3) YES 3 6 4 (67) 1 (17) 6 (100) 0 (0) 4 (67) 

HAZ (R3) 

WM side
**

  
YES 3 6 5 (83) 0 (0) 2 (33) 0 (0) 5 (83) 

HAZ (R3) 

BM side
***

  
YES 3 6 6 (100) 0 () 4 (63) 0 () 5 (83) 

*
 Values in parentheses indicate the percentage of specimens satisfying the requirement.  

**
 Assessment of crack size qualification is based on crack measurements on the weld metal side. 

*** 
Assessment of crack size qualification is based on crack measurements on the base metal side. 

#
 Final crack length of one specimen was not measured because of fracture. 
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Table 3.  Assessment of crack size qualification for SE(B) specimens. 

Material 

Local 

com-

pression 

Target 

ao (mm) 

Total no. 

of tested 

specimens 

No. of specimens meeting the requirement* 

ASTM  E1820 
BS 7448: 

Part 2 

9.1.4.1 

-original 

crack 

size 

9.1.4.2 

-final 

crack 

size 

9.1.5.1 

-crack 

extension 

9.1.5.2 

-crack 

extension 

prediction 

12.4.1 

-original 

crack size 

BM (R1 & 

R2) 
NO 6 

2 2 (100) 2 (100) 2 (100) 2 (100) 2 (100) 

WM (R1) NO 
3 4 1 (25) 4 (100) 4 (100) 4 (100) 2 (50) 

6 4 1 (25) 4 (100) 4 (100) 4 (100) 4 (100) 

HAZ (R1)  

WM side
**

 
NO 

3 3 3 (100) 3 (100) 3 (100) 2 (67) 3 (100) 

6 4 4 (100) 4 (100) 4 (100) 3 (75) 4 (100) 

HAZ (R1)  

BM side
***

 
NO 

3 3 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 

6 4 4 (100) 4 (100) 4 (100) 3 (75) 4 (100) 

WM (R2) NO 
3 2 0 (0) 2 (100) 2 (100) 2 (100) 2 (100) 

6 2 2 (100) 2 (100) 2 (100) 2 (100) 2 (100) 

BM (R3) YES 3 5 5 (100) 4 (80) 5 (100) 2 (40) 4 (80) 

WM (R3) YES 3 6 6 (100) 0 (0) 6 (100) 4 (67) 5 (83) 

HAZ (R3) 

WM side
**

  
YES 3 5 5 (100) 4 (80) 4 (80) 3 (60) 5 (100) 

HAZ (R3) 

BM side
***

  
YES 3 5 5 (100) 4 (80) 4 (80) 3 (60) 5 (100) 

*
 Values in parentheses indicate the percentage of specimens satisfying the requirement.   

**
 Assessment of crack size qualification is based on crack measurements on the weld metal side. 

*** 
Assessment of crack size qualification is based on crack measurements on the base metal side. 

3.3 SE(T) Testing 

A total of 61 SE(T) tests were conducted according to the matrices shown in Table 4 to Table 7. 

Figure 8 shows test setups at room temperature and low temperatures.  For low-temperature 

testing, a customized liquid-nitrogen environmental chamber was placed between the grips. The 

temperature measured within the distance of 2B from the notch was stable to 2 °C before 

testing. However, temperature fluctuated up to 5 °C, especially at -40 °C, during testing.  

Table 4.  SE(T) test matrix for X100 base metal. 

Temperature, 

°C 

Target Crack 

Length 
Number of specimens (specimen ID) 

 20 °C  (RT) 
a = 3 mm 

a = 6 mm 

2 (BMRTK06, -K09) 

4 (BMRTK12, -K13, -K14, -K02(20 % SG)) 

-20 °C 
a = 3 mm 

a = 6 mm 

1 (BMLTK10) 

1 (BMLTK11) 
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Table 5.  SE(T) test matrix for single-torch X100 rolled welds (round 1). 

Temperature, 

°C 

Target Crack 

Length 

Number of specimens (specimen ID) 

WMC HAZ 

20 °C (RT) 
a = 3 mm 

a = 6 mm 

2 (WMRTK01, -K22) 

2 (WMRTK11, -K19) 

2 (HZRTK07, -K21) 

2 (HZRTK18, -K20) 

-20 °C 
a = 3 mm 

a = 6 mm 

3 (WMLTK02, -K15, -K23) 

3 (WMLTK12, -K13, -K14) 

3 (HZLTK08, -K09, -K16) 

3 (HZLTK05, -K06, -K17) 

-40 °C a = 3 mm 2 (WMLT4K24, -K25) 2 (HZLT4K26, -K27) 

Table 6.  SE(T) test matrix for dual-torch X100 rolled welds (round 2). 

Temperature, °C Target Crack Length 
Number of specimens (specimen ID) 

WMC HAZ 

 20 °C (RT) 
a = 3 mm 

a = 6 mm 

2 (WMRTF02, -F09) 

2 (WMRTF04, -F11) 

2 (HZRTF05, -F14) 

2 (HZRTF07, -F16) 

-20 °C 
a = 3 mm 

a = 6 mm 

2 (WMLTF10, -F102) 

2 (WMLTF03, -F12) 

2 (HZLTF06, -F13) 

2 (HZLTF08, -F28) 

Table 7.  SE(T) test matrix for single-torch X100 5G welds (round 3). 

Temperature, 

°C 

Target Crack 

Length 

Number of specimens (specimen ID) 

WMC HAZ 

-20 °C a = 3 mm 
3 (DW1-B, DW3-A, DW6-A) 

3 (FW1-A, FW3-A, FW6-A) 

3 (DH1-A, DH3-A, DH6-A) 

3 (FH1-A, FH3-A, FH6-A) 
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Figure 8. SE(T) test setup: (a) room temperature and (b) low temperature. 

3.4 SE(B) testing 

A total of 40 SE(B) tests were performed according to the matrices in Table 8 to Table 11 

following the procedure of ASTM E1820 [4]. Figure 9 shows an example of SE(B) testing at 

CANMET. Low-temperature testing was conducted in an environmental chamber, and the 

stability of temperature was maintained within 1 °C (CANMET tests) and 2 °C (NIST tests).  

Table 8.  SE(B) test matrix for base metal. 

Temperature, °C Target Crack Length Number of specimens (specimen ID) 

 20 °C (RT) a = 6 mm 2 (BBMRT1, -T2) 

-20 °C a = 3 mm 5 (BM2, BM3, BM4, BM5, BM6) 
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Table 9.  SE(B) test matrix for single-torch X100 rolled welds (round 1). 

Temperature, °C Target Crack Length 
Number of specimens (specimen ID) 

WMC HAZ 

 20 °C (RT) 
a = 3 mm 

a = 6 mm 

2 (BWMRTG05, -I10) 

2 (BWMRTI04, -I11) 

2 (BHZRTI05, -I06) 

2 (BHZRTG04, -I08) 

-20 °C 
a = 3 mm 

a = 6 mm 

2 (BWMLTI01, -I02) 

2 (BWMLTG06, -I12) 

2 (BHZLTI13, -I14) 

2 (BHZLTG08, -I15) 

Table 10.  SE(B) test matrix for single-torch X100 rolled welds (round 2). 

Temperature, °C Target Crack Length 
Number of specimens (specimen ID) 

WMC HAZ 

 20 °C (RT) 
a = 3 mm 

a = 6 mm 

1 (BWMRTF21) 

1 (BWMRTF23) 

1 (BHZLTF25) 

 

-20°C 
a = 3 mm 

a = 6 mm 

1 (BWMLTF22) 

1 (BWMLTF24) 

1 (BHZLTF26) 

 

Table 11.  SE(B) test matrix for single-torch X100 5G welds (round 3). 

Temperature, °C Target Crack Length 
Number of specimens (specimen ID) 

WMC HAZ 

-20°C a = 3 mm 
3 (DW1, DW3, DW6) 

3 (FW1, FW3, FW6) 

2 (DH1, DH6) 

3 (FH1, FH3, FH6) 
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Figure 9.  SE(B) test setup at CANMET (HAZ region, target ao = 6 mm, specimen BHZRTG04)). 

4 RESULTS 

4.1 Resistance Curves  

Resistance curves were evaluated according to the standard J-integral calculation procedure of 

ASTM E1820-11 [4] for SE(B) specimens and to the new procedure developed at CANMET for 

SE(T) specimens [2,3], with the use of CMOD unloading compliance to measure crack length in 

both cases.  Figure 10 shows examples of experimental data (load vs. CMOD) for SE(T) 

specimens of base metal (BM), weld metal (WM) centerline and HAZ regions. The J- and 

CTOD-resistance data were curve-fit to power-law regression curves, using data between the 

0.15 mm and 1.5 mm exclusion lines, according to the procedure of ASTM E1820: 

2or  CaC1CTODJ D ,                                              (1) 

where J and CTOD are the J-integral and the CTOD converted from the J-integral, respectively, 

Da is crack extension, and C1 and C2 are regression constants.  

 

J- and CTOD-resistance curves and curve-fit parameters for all SE(T) and SE(B) specimens are 

reported separately [5].  
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Figure 10.  Load-CMOD curves for SE(T) specimens, B=W=17.5 mm. 

 

According to the procedure of ASTM E1820, the initial crack length estimated from unloading 

compliance should be adjusted. The adjusted initial crack length, aoq, is obtained by identifying 

all Ji and ai pairs before maximum load and fitting them to the following equation, 

32

Y

oq CJBJ
2σ

J
aa +++= ,     (2) 

where σY is the flow strength (i.e., average of yield and ultimate strengths) and B and C are 

constants. However, in cases including apparent negative crack growth data, an alternative 

method was used in this study: initial Ji and ai pairs up to the maximum negative growth point 

(i.e., lower part of the nose of J-R curve, e.g., square symbols in Figure 11) were excluded from 

the above fitting procedure and only the remaining data before maximum load were used. The 

alternative method generally reduces aoq and results in a better prediction of initial crack length 

with respect to the measured values, as indicated in Figure 11.  
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Figure 11.  An example of apparent negative crack growth and calculation of aoq determined with and 

without negative crack growth data. This example is obtained from another study; pronounced negative 

crack growth like this example was not observed in this study. 

4.1.1 J-Resistance Curves 

Target initial crack lengths were 3 mm and 6 mm, but actual lengths were a little different. 

Hence, for round 1 and round 2 tests, the curve-fit parameters were in turn fit to an assumed 

linear dependence on initial crack length to extrapolate/interpolate them to the target initial crack 

length values, as seen in the example shown in Figure 12. Conversely, all round 3 test specimens 

were fatigue precracked to nominally the same initial crack size (2.6 mm), and therefore the 

curve-fit parameters obtained from fitting experimental data are not suitable for 

extrapolation/interpolation. This is also confirmed by the low values obtained for the correlation 

coefficient R
2
, which range from 0.0002 to 0.49. Hence, for round 3 tests, power-law fitting 

parameters representing WM and HAZ fracture behavior were obtained by just averaging C1 and 

C2 values calculated from individual tests. 

 
Table 12 and Table 13 report power-law fitting parameters C1 and C2 extrapolated/interpolated 

to the target initial crack lengths (a = 3 mm and 6 mm) by linear fits to the initial crack length 

aoq, in the case of rounds 1 and 2, or averaged for round 3, for SE(T) and SE(B) J-resistance 

curves, respectively. This enables comparison with curved wide plate (CWP) test measurements 

of the actual crack length being performed at the National Institute for Standards and Technology 

(NIST) for development of a strain-based design procedure. Figure 12 shows the procedure used 

for rounds 1 and 2 for estimating C1 and C2; Table 12 (SE(T)) and Table 13 (SE(B)) report the 
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results. Figure 13 and Figure 14 show J-resistance curves plotted using the fitted/averaged C1 

and C2 power-law parameters for the target initial crack lengths of 3 mm and 6 mm for SE(T) 

and SE(B) specimens, respectively. As only one specimen was tested for each initial crack length 

for SE(T) testing at -40 °C, raw data and their power-law fitting curves for each crack length are 

presented for comparison in Figure 15. In general, the J-resistance curves of WM (single and 

dual-torch) lie well below those of base metal and HAZ regions for both SE(T) and SE(B) 

specimens. BM curves are generally slightly above HAZ curves, except at small crack growths 

for SE(T) with a = 3 mm. At -20 °C, the fracture resistance of the weld metal from round 3 is 

higher than WM from rounds 1 and 2 when SE(T) specimens are used, although it should be 

noted that the specimen widths differ and this will probably influence the results. The J values 

measured in this report do not generally satisfy the usual size requirements for size-independent 

toughness measurements (see, e.g., [4]), and so they are expected to be dependent on geometry 

(e.g. width W).  
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Figure 12.  Power-law fitting parameters (a) C1 and (b) C2 of J = C1Da
C2

, fit with an assumed linear 

dependence on the initial crack length aoq to enable small interpolation/extrapolation to target crack size. J is 

in kJ/m
2
.  Examples are shown for room temperature SE(T) tests on base metal (BM). 
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Table 12.  Power-law fitting parameters C1 and C2 extrapolated/interpolated to the target initial crack 

lengths (a = 3 mm and 6 mm) by linear fits to the initial crack length aoq for SE(T) J-resistance curves. 

Target 

ao 

(mm) 

Temp. 

(°C) 
Material 

C1 

(kJ/m
2
) 

C2 Remarks 

3 

RT 

BM 1304 0.830   

WM (R1) 674 0.590   

HAZ (R1) 1424 0.671   

WM (R2) 641 0.653   

HAZ (R2) 1157 0.862   

-20 

BM 1500 0.857   

WM (R1) 622 0.745   

HAZ (R1) 1308 0.741   

WM (R2) 505 0.886   

HAZ (R2) 1147 0.821   

WM (R3) 1164 0.656 C1,C2 averaged over 6 tests 

HAZ (R3) 1555 0.537 C1,C2 averaged over 6 tests 

-40 

BM * *    

WM (R1) 

512 0.930 
from an individual specimen 

(aoq = 3.3 mm) - WMLT4K24 

616 0.740 
from an individual specimen 

(aoq = 3.5 mm) - WMLT4K25 

HAZ (R1) 

1400 0.668 
from an individual specimen 

(aoq = 3.6 mm) - WMLT4K26 

1310 0.878 
from an individual specimen 

(aoq = 2.6 mm) - WMLT4K27 

WM (R2) * *    

HAZ (R2) * *    

6 

RT 

BM 1164 0.620   

WM (R1) 564 0.710   

HAZ (R1) 1132 0.560   

WM (R2) 647 0.784   

HAZ (R2) 948 0.604   

-20 

BM 1353 0.520   

WM (R1) 505 0.763   

HAZ (R1) 1006 0.712   

WM (R2) 648 0.793   

HAZ (R2) 985 0.830   

* no test data 

33
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Table 13.  Power-law fitting parameters C1 and C2 extrapolated/interpolated to the target initial crack 

lengths (a = 3 mm and 6 mm) by linear fits to the initial crack length aoq for SE(B) J-resistance curves. 

Target 

ao 

(mm) 

Temp. 

(°C) 
Material 

C1 

(kJ/m
2
) 

C2 Remarks 

3 

RT 

BM *  *    

WM (R1) 555 0.632   

HAZ (R1) 979 0.685   

WM (R2) 416 0.605   

HAZ (R2) *  *    

-20 

BM 1951 0.382  
Round 3 – Pipe A 

C1, C2 averaged over 6 tests 

WM (R1) 486 0.532   

HAZ (R1) 1208 0.691   

WM (R2) 626 0.325   

HAZ (R2)       

WM (R3) 597 0.905 C1, C2 averaged over 6 tests 

HAZ (R3) * *  

6 

RT 

BM 

1121 0.678 
from an individual specimen  

(aoq = 5.4 mm) - BBMRT1 

1124 0.729 
from an individual specimen  

(aoq = 5.6 mm) - BBMRT2 

WM (R1) 406 0.575   

HAZ (R1) 936 0.712   

WM (R2) 591 0.629   

HAZ (R2) *  *    

-20 

BM *  *    

WM (R1) 382 0.625   

HAZ (R1) 979 0.760   

WM (R2) 594 0.625   

HAZ (R2) *  *    

* insufficient data 
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Figure 13.  Cont’d. 
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(d) 

Figure 13.  SE(T) J-resistance curves extrapolated/interpolated for the target crack lengths (3 mm and 6 mm), 

calculated with the C1 and C2 power-law parameters fit to a linear dependence on a/W or averaged: (a) RT, 

ao = 3 mm, (b) -20 °C, ao = 3 mm, (c) RT, ao = 6 mm and (d) -20 °C, ao = 6 mm. Owing to lack of data, fits of the 

parameters as a function of a/W were not obtained for base metal and HAZ (round 2). 
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Figure 14. Cont’d. 
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Figure 14.  SE(B) J-resistance curves extrapolated/interpolated for the target crack lengths (3 mm and 6 mm) 

calculated with the C1 and C2 power-law parameters fit to a linear dependence on a/W or averaged: (a) RT, 

ao = 3 mm, (b) -20 °C, ao = 3 mm, (c) RT, ao = 6 mm and (d) -20 °C, ao = 6 mm. Owing to lack of data, fits of 

the parameters as a function of a/W were not obtained for base metal (round 1 & round 2) and HAZ (round 2 

and round 3). 
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Figure 15.  SE(T) J-resistance curves from experimental measurements of single-torch welds (WMC and HAZ 

regions) at test temperature of -40 °C (symbols: raw data, lines: fitting curves). 

4.1.2 CTOD-Resistance Curves 

Similarly to J-resistance curves, Table 14 and Table 15 summarize power-law fitting parameters 

C1 and C2 extrapolated/interpolated to the target initial crack lengths (a = 3 mm and 6 mm) by 

linear fits to the initial crack length (aoq), for rounds 1 and 2 tests, or averaged (round 3), for 

SE(T) and SE(B) CTOD-resistance curves, respectively. Figure 16 and Figure 17 show 

CTOD-resistance curves, plotted with the C1 and C2 power-law parameters obtained as 

previously described. (For comparison, Figure 18 shows raw data and fitting curves for each 

crack length for SE(T) tests at -40 
°
C, for which linear fits of power-law fitting parameters to a/W 

are not available.) The general trends are similar to J-resistance curves seen in the previous 

section. The major difference is that the BM curve lies much higher than the HAZ and WM 

curves. This results from differences in yield strength. CTOD values here are converted from the 

corresponding J-values for SE(T) [2] and SE(B) [4], using the following relation: 

Ym

J
CTOD


 ,                                                           (3) 

where m is a function of the work-hardening coefficient n and a/W and decreases for loads above 

the limit load as reported in 277-T-04; Y is the effective yield strength. The WM overmatches 

the BM, which according to Eq. (3) causes the CTOD resistance curve for the WM to be 

depressed even further below that of the BM compared to their relative positions in the J-

resistance curve. The yield strength of the WM is used in the conversion from J to CTOD for the 

HAZ, and so the HAZ CTOD resistance curves are lowered below the BM curves for the same 

reason as the WM curves.  
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Table 14.  Power-law fitting parameters C1 and C2 extrapolated/interpolated to the target initial crack 

lengths (a = 3 mm and 6 mm) using linear fits to the initial crack length aoq for SE(T) CTOD-resistance 

curves. 

Target 

ao 

(mm) 

Temp. 

(°C) 
Material 

C1 

(mm) 
C2 Remarks 

3 

RT 

BM 1.315 0.819   

WM (R1) 0.510 0.590   

HAZ (R1) 1.123 0.660   

WM (R2) 0.509 0.661   

HAZ (R2) 0.912 0.853   

-20 

BM 1.414 0.847   

WM (R1) 0.460 0.756   

HAZ (R1) 0.995 0.750   

WM (R2) 0.372 0.912   

HAZ (R2) 0.870 0.818   

WM (R3) 0.797 0.681 C1,C2 averaged over 6 tests 

HAZ (R3) 1.068 0.521 C1,C2 averaged over 6 tests 

-40 

BM  * *    

WM (R1) 

0.361 0.960 
from an individual specimen 

(aoq = 3.3 mm) - WMLT4K24 

0.441 0.758 
from an individual specimen 

(aoq = 3.5 mm) - WMLT4K25 

HAZ (R1) 

1.026 0.673 
from an individual specimen 

(aoq = 3.6 mm) - WMLT4K26 

0.971 0.904 
from an individual specimen 

(aoq = 2.6 mm) - WMLT4K27 

WM (R2)  * *    

HAZ (R2)  * *    

6 

RT 

BM 1.200 0.632   

WM (R1) 0.434 0.756   

HAZ (R1) 0.869 0.561   

WM (R2) 0.492 0.822   

HAZ (R2) 0.732 0.607   

-20 

BM 1.331 0.515   

WM (R1) 0.356 0.823   

HAZ (R1) 0.736 0.733   

WM (R2) 0.476 0.826   

HAZ (R2) 0.735 0.844   

* insufficient data 
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Table 15.  Power-law fitting parameters C1 and C2 extrapolated/interpolated to the target initial crack 

lengths (a = 3 mm and 6 mm) by linear fits to the initial crack length aoq for SE(B) CTOD-resistance curves. 

Target 

ao 

(mm) 

Temp. 

(°C) 
Material 

C1 

(mm) 
C2 Remarks 

3 

RT 

BM       

WM (R1) 0.407 0.611   

HAZ (R1) 0.720 0.659   

WM (R2) 0.309 0.584   

HAZ (R2) *  *    

-20 

BM 1.220  0.678 
Round 3 – Pipe A 

C1,C2 averaged over 6 tests 

WM (R1) 0.355 0.509   

HAZ (R1) 0.891 0.673   

WM (R2) 0.459 0.298   

HAZ (R2)  * *    

WM (R3) 0.416 0.884 C1,C2 averaged over 6 tests 

HAZ (R3) 1.059 1.001 C1,C2 averaged over 3 tests 

6 

RT 

BM 

0.855 0.658 
from an individual specimen 

(aoq = 5.4 mm) - BBMRT1 

0.850 0.708 
from an individual specimen 

(aoq = 5.6 mm) - BBMRT2 

WM (R1) 0.280 0.556   

HAZ (R1) 0.641 0.688   

WM (R2) 0.404 0.606   

HAZ (R2) *  *    

-20 

BM *  *    

WM (R1) 0.261 0.605   

HAZ (R1) 0.673 0.742   

WM (R2) 0.406 0.603   

HAZ (R2)  * *    

* insufficient data 
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Figure 16.  Cont’d. 
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(d) 

Figure 16.  SE(T) CTOD-resistance curves extrapolated/interpolated for the target crack lengths (3 mm and 

6 mm) with the C1 and C2 power-law parameters fit to a linear dependence on a/W or averaged: (a) RT, ao = 

3 mm, (b) -20 °C, ao = 3 mm, (c) RT, ao = 6 mm and (d) -20 °C, ao = 6 mm. Owing to lack of data, fits of the 

parameters as a function of a/W were not obtained for base metal and HAZ (round 2). 
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Figure 17.  Cont’d. 
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(d) 

Figure 17.  SE(B) CTOD-resistance curves extrapolated/interpolated for the target crack lengths (3 mm and 

6 mm) with the C1 and C2 power-law parameters fit to a linear dependence on a/W or averaged: (a) RT, ao = 

3 mm, (b) -20 °C, ao = 3 mm, (c) RT, ao = 6 mm and (d) -20 °C, ao = 6 mm. Owing to lack of data, fits of the 

parameters as a function of a/W were not obtained for base metal (round 1 & round 2) and HAZ (round 2). 
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Figure 18.  SE(T) CTOD-resistance curves from experimental measurements of single-torch welds (WMC and 

HAZ regions) at test temperature of -40 °C. 

4.1.3 Brittle Fracture 

Brittle fractures were observed for some of the HAZ specimens tested at -20 
°
C. Table 16 

summarizes statistics of the brittle fractures observed in this study. Fracture surfaces and 

resistance curves are shown in the separate report [5]. Note that all other SE(T) and SE(B) 

specimens tested in this study were fully ductile, including SE(T) specimens tested at -40 
°
C; 

refer to Table 4 through Table 11 for the number of other tested specimens.  

Table 16.  Statistics of brittle fracture at -20 
°
C. 

Loading 

Mode 
Material 

Test temp. 

(°C) 

Target crack 

length, a 

(mm) 

Total no. of 

tested 

specimens 

Brittle fracture 

Before peak load After peak load 

SE(T) 

HAZ (R1) 

-40 3 2 0 0 

-20 

3 3 1 1 

6 3 0 0 

HAZ (R2) 
3 2 0 0 

6 2 0 0 

HAZ (R3) 3 6 0 1 

SE(B) 

HAZ (R1) 
3 2 1 1 (pop-in) 

6 2 0 2 

HAZ (R2) 
3 1 0 1 

6 1 0 1 

HAZ (R3) 3 5 1 4 (2 pop-ins) 
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As expected, brittle fractures or pop-ins are more frequent in SE(B) than in SE(T) specimens 

(three brittle fractures out of eighteen SE(T) specimens and eleven out of eleven SE(B) 

specimens), because the higher constraint in the former geometry generates higher triaxial stress 

at the crack tip, which promotes cleavage. It was observed that brittle fracture was more common 

in specimens notched in the HAZ, especially for ao = 3 mm. This may be attributed to the 

microstructure sampled at the crack tip. As seen in Figure 2(b), the geometry of weld metal and 

the location of the initial fatigue crack for ao = 3 mm can easily lead to crack growth from the 

HAZ region to the fusion line and weld metal. In this case, cleavage can be triggered when the 

crack reaches a brittle microstructure, which is often found in the vicinity of the fusion line. 

Observations indicate that the crack tends to grow toward lower-strength material, and so the 

softer HAZ would tend to focus the crack toward the fusion line.  

 

4.2 Post-test Analysis 

4.2.1 Side Grooving 

Based on previous studies [8,9], all SE(T) and SE(B) specimens from rounds 1 and 2 were side 

grooved by 7.5 % of thickness (B) on each side after fatigue precracking, in order to provide a 

condition along the crack front as close as possible to plane strain and, consequently, to achieve a 

straight crack front. SE(T) and SE(B) specimens from round 3, however, were side grooved by 

5 % of B on each side, for a total thickness reduction of 10 % (with the exception of one WM 

specimen, designated DW1-B, that was tested in plane-sided condition). Optical observations of 

fracture surfaces (Figure 19) verify that specimens with 15 % side grooves (7.5 % on each side) 

show relatively straight crack fronts, while a specimen with 20 % side-grooves (10 % on each 

side) and ao  6 mm exhibits a concave crack front for the deeper crack. The same is shown in 

Figure 20, for SE(B) base metal specimens from round 3 with 10 % side-grooving (5 % per side), 

for which the crack front is convex, especially near the edges. The results suggest that 15 % B 

side grooving (7.5 % on each side) is optimal, at least for this material; almost all specimens with 

this SG depth satisfy the final crack size and crack extension requirements of the BS and ASTM 

standards. As shown in Figure 21(round 3 WM specimens), 10 % side grooving has only a small 

effect on the resistance curve compared with a plane-sided sample. This implies that 10 % side-

grooving is insufficient to establish plane strain conditions across the crack front, because it is 

known from previous work that constraint is significantly higher and R curves lower in 

specimens side-grooved by 15 and 20 % compared with plane-sided specimens (see section 4.3). 

SE(T) specimens are particularly sensitive to the depth of side-grooving because of the shallow 

stress gradient in the crack growth direction compared with SE(B) specimens.  



 

32 

 
Figure 19.  Representative fracture surfaces of SE(T) base metal specimens from rounds 1 and 2 (side 

grooving: 15 % and 20 %). 

 

 
Figure 20.  Representative fracture surfaces of SE(B) base metal specimens from round 3 (side   

grooving: 10 %).  Scale graduations equal 0.5 mm. 
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Figure 21.  Comparison between plane-sided (1 specimen) and 10 % side-grooved (5 specimens) SE(T) test 

results for WM (round 3). 

4.2.2 Crack Length Measurements  

The unloading-compliance-predicted crack lengths agree well with optical measurements for the 

BM, WM and HAZ specimens as reported separately [5]. Measured crack lengths also meet the 

crack size requirements of the BS and ASTM standards for the majority of tested specimens 

(Table 2 and Table 3), particularly for R1 and R2 tests, on account of the beneficial effect of 

15 % side-grooving. Success in meeting the requirements of the standards was significantly 

higher in R1 and R2 tests compared with R3 (Table 1 and Table 3), supporting the argument 

above that 10 % side-grooving is not quite sufficient to generate plane-strain conditions. For 

HAZ specimens, the overmatching strength of the weld metal results in asymmetrical 

deformation at the crack tip, which leads to biased crack growth and different apparent crack 

lengths on the base metal and weld metal sides. Some crack lengths measured on the BM side do 

not fulfill the standard crack size requirements. This will be discussed in detail in Section 2.2. 

4.3 SE(T) Test Comparison: Single- vs. Multi-specimen  

As a comparison activity, TWI Ltd. (U.K.) carried out tests with a SE(T) multi-specimen 

technique according to DNV RP F108 [11]. Figure 22 compares J-resistance curves from the 

SE(T) clamped single-specimen CANMET technique and the multi-specimen technique for a0  

6 mm at room temperature. Note that the specimens for the multi-specimen test were plane-sided, 

while the single-specimen method applied 15 % side grooving as described earlier. For J-value 

calculation, in the multi-specimen method there is no correction for crack growth, but there is 
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such a correction in the CANMET method, with the use of a/W-dependent parameters  

andFor compatible comparison, J values of one of the specimens from the single-

specimen CANMET tests were calculated without crack growth correction, i.e.,  was set to zero, 

and the value of  was not changed (i.e., taken as the initial value) as the crack grew; results are 

shown in Figure 22. Removal of the crack growth correction does not make a large difference, 

but nevertheless the CANMET and TWI results are in close agreement. This agreement is 

somewhat fortuitous, resulting from compensating effects of a conservative factor in the DNV 

method and the use of side grooves in the CANMET procedure. RP F108 applies a factor of 0.85 

to the J calculation to give a conservative resistance curve. The CANMET procedure calls for 

side grooves, and it is known from CANMET experience [8] that for B × B specimens, the 

introduction of 20 % side grooves leads typically to a 30 % reduction of the resistance curve in 

both SE(T) and SE(B) tests. This suggests that the absence of side grooves in the B x 2B 

specimens tested by TWI could raise the resistance curve significantly. The lower constraint at 

the surface of the plane-sided specimens tested by TWI is supported by the observation that the 

crack growth is much smaller at the surface than at the centre of these specimens, with the 

surface growth being typically only about 50 % of the growth at the centre. It is thus reasonable 

to conclude that in the TWI tests a reduction of the resistance curve from the 85 % 

“conservative” factor is balanced by an elevation of the curve owing to the absence of side 

grooves.   
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Figure 22.  Comparisons of J-resistance curves from SE(T) multi-specimen and single-specimen techniques. 
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4.4 Validation of Power-law Regression 

As discussed earlier, J- and CTOD-resistance data were curve-fit to power-law regressions 

according to the procedure of ASTM E1820-11 [4] for both SE(T) and SE(B) tests.  The ASTM 

procedure uses J-Da data points that fall inside the area enclosed by the 0.15 mm and 1.5 mm 

exclusion lines, where exclusion lines are drawn parallel to the blunting line intersecting the 

abscissa at 0.15 mm and 1.5 mm. The fitted resistance curves are to be used for comparison with 

curved-wide-plate (CWP) test measurements of the actual crack length performed at NIST for 

development of a strain-based design procedure. The CWP results indicate that the instability 

(strain) occurs at a crack growth of a several millimeters. For instability analysis, it is required to 

have resistance curves that extend beyond the expected instability point. Hence, one specimen 

was tested well beyond the usual range of crack growth (to more than 5 mm crack growth, i.e. for 

growth through nearly half the ligament), for comparison of regression curves from data below 

1.5 mm with experimental data measured well beyond this value. The difference between the 

curves is generally less than 10 % (Figure 23). Note that all regression curves of resistance plots 

in this study are generated according to the ASTM procedure, i.e., with the use of data between 

the 0.15 mm and 1.5 mm exclusion lines, rather than with all collected data. Note also that the 

specimen measuring capacity, both in terms of J (Jlimit) and CTOD (limit), has not been used as an 

upper validity limit as prescribed by ASTM E1820-11. This is consistent with the approach taken 

in this project that geometry-dependent R curves are relevant to prediction of CWP behaviour 

provided the geometry (a/W and W) is the same as that in the CWP tests. In other words, the R 

curves generated in this work are not material properties in the sense of being independent of 

specimen size, but they are precisely the curves that are appropriate for ECA. 
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(b) 

Figure 23.  Comparisons of regression methods with measurements for single-torch weld metal centerline 

specimens (ao = 4 mm): (a) J-resistance curve and (b) CTOD-resistance curve (Symbols: calculations from 

unloading compliance measurements; solid lines: regressions). The solid symbol (near mm 

corresponds to the maximum force attained during the test. 

 

4.5 Effects of Material, Constraint and Temperature 

J- and CTOD-resistance curves of WM (both single- and dual-torch) are much lower than those 

of BM and HAZ, regardless of initial crack length (Figure 13-18). This is attributed to the effect 

of weld microstructure, which can make the toughness of WM lower [13]. Figure 24(b) and (d) 

show numerous large voids near the crack tip in WM but relatively fewer voids in the HAZ; large 

voids are marked by “V” in the figures. Close observation also reveals a higher content of micro-

voids in the weld. The voids could be a result of micro-porosity in the WM or from growth of 

voids from inclusions in the fracture process zone. Another observation is that the crack-tip 

opening angle (CTOA) in the WM is much smaller than in the HAZ. This suggests a low crack 

propagation resistance of the WM, which in turn results in a low slope of the resistance curve as 

seen in Figure 13-18. It is well known that a high density of inclusions reduces ductile toughness, 

because inclusions nucleate voids which play a key role in crack growth. The lower toughness of 

the WM is understandable in terms of the higher density of void-forming sites (e.g. inclusions) 

then in the HAZ or BM.  

 

Figure 25-28 compare J and CTOD values as a function of initial crack length at  

Da = 0.5 mm and 2 mm for SE(T) and SE(B) tests of BM, WM and HAZ specimens. Although 

significant scatter is observed at Da = 0.5 mm, the results show that toughness generally 

increases with decreasing initial crack length for all materials as anticipated, owing to the 
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dependence of constraint on initial crack length (higher constraint for deeper cracks). The dual-

torch WM (round 2), however, is relatively insensitive to initial crack length. Toughness is 

sensitive to microstructure, and the higher density of inclusions in the WM may influence this 

observed insensitivity to constraint.  

 

Test temperature did not significantly affect toughness of the base metal, HAZ or weld metal. J 

and CTOD values at room and -20 ˚C lie within a scatter band, which can be considered typical 

of material variability for a given region.  

 
 

(a) (b) 

 
 

(c) (d) 

Figure 24.  Optical microscope images of etched mid-thickness sections of SE(T) specimens: weld metal 

centerline specimen (WMLTK14) [(a) and (b)] and HAZ specimen (HZLTK17) [(c) and (d)], (b) and (d) show 

enlarged images near the crack tip of (a) and (c), respectively, and large voids are marked by “V” in the 

figures. 
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(b) 

Figure 25.  J and CTOD values at Da = 0.5 mm for SE(T): (a) J-resistance and (b) CTOD-resistance. 
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(b) 

Figure 26.  J and CTOD values at Da = 2 mm for SE(T): (a) J-resistance and (b) CTOD-resistance. 
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(b) 

Figure 27.  J and CTOD values at Da = 0.5 mm for SE(B): (a) J-resistance and (b) CTOD-resistance 
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(b) 

Figure 28.  J and CTOD values at Da = 2 mm for SE(B): (a) J-resistance and (b) CTOD-resistance. 
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4.6 Asymmetrical Deformation of HAZ Specimens  

For HAZ specimens, the BM side deforms more during crack growth for overmatched welds, 

consequently, the crack growth appears larger on the WM side (Figure 24, Figure 29 and Figure 

30): compare HAZ specimens with BM or WM specimens). Optical measurements were made on 

both the BM and WM sides of the mating fracture surfaces for HAZ specimens. The crack length 

predicted by unloading compliance is generally closer to the measurement on the WM side than 

on the BM side because of the relatively severe deformation on the latter (e.g., the circled data 

shown in Figure 31). However, the compliance prediction fell between the two optical 

measurements. Owing to the deformation on the BM side, many specimens do not meet the final 

crack size requirement based on the measurement on the BM side, whereas they meet it when 

they are measured on the WM side (Table 2).  

 

The asymmetric deformation resulting from the overmatching weld strength is pronounced in 

SE(T) specimens relative to SE(B) specimens (Figure 29, Figure 30 and Figure 32). This is 

probably because the stress gradient ahead of the crack tip is higher for SE(B) than SE(T) 

specimens [10], so that the deformation is more extensive in the SE(T) specimens. Table 2 and 

Table 3 also show that the final crack length measurements and estimations meet the crack 

requirement of the ASTM standard on both weld metal side and base metal side for SE(B), but 

many SE(T) specimens do not fulfill it on the measurements of base metal side. 

 

In an overmatched weld notched in the HAZ, together with the asymmetric deformation, the 

crack grows toward the lower-strength material (softened HAZ and BM). Figure 24(c) clearly 

shows the biased crack growth direction as well as the severe deformation on the base metal side. 

The measured crack extensions on the BM and WM sides are 1.96 mm and 2.06 mm, 

respectively. The crack tip is approaching the boundary between HAZ and BM in the figure. If it 

were to grow further, into the BM, the toughness will reflect BM properties rather than those of 

the HAZ. However, the resistance curve is relevant for engineering critical assessment (ECA),  

since it reflects the actual growth of a crack initiating in the HAZ. A complicating factor is that, 

as the crack deviates out of the plane of the side grooves, the assumption of planar crack growth 

underlying calculations of J and crack size are violated.  Figure 33 shows an anomalous 

resistance curve after crack growth of approximately 4 mm; this may result from errors in the 

calculation of J and crack growth. 



 

43 

  
Figure 29.  Deformation behaviors during SE(T) testing at CANMET: (a) symmetrical deformation of base 

metal specimen (ao   6 mm) at Da  2.5 mm and (b) asymmetrical deformation between the upper half (WM 

side) and the lower half (BM side) of a  dual-torch weld HAZ specimen (ao  3 mm) at Da  2.2 mm. 
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Figure 30.  Examples of fracture surfaces of SE(T) specimens: single-torch weld, nominal ao  3 mm, notched 

at weld metal centerline (WM) (a) crack plane and (b) side view, and at HAZ (c) crack plane and (d) side 

view. 
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(b) 

Figure 31.  Effect of overmatching WM for surface notched HAZ specimens: compliance-predicted versus 

optical crack length measurements of (a) Base metal side and (b) Weld metal side. (Bracketed numbers give 

optical and compliance measurements, respectively.) 
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(a) (b) 

Figure 32.  An example of asymmetrical deformation, during SE(B) testing, around the crack tip (ao  3 mm) 

precracked in the HAZ region of single-torch weld metal specimen: (a) at Da  2.4mm and (b) after 

completion of test. 
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Figure 33. J-resistance curve of a SE(T) HAZ specimen (HZRTK21) carried to exceptionally long crack 

growth at room temperature. 
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5 CONCLUSIONS 

Extensive SE(T) and SE(B) toughness testing of specimens from X100 pipeline girth welds was 

conducted, extending the SE(T) procedure developed at CANMET for homogeneous materials to 

welds. The data was developed for use in interpretation of curved-wide-plate tests carried out in 

another part of this consolidated program. The intent is to develop strain-based design and 

assessment procedures for pipeline girth welds. J- and CTOD-resistance curves were derived 

using the CANMET and ASTM E1820 procedures for SE(T) and SE(B) tests, respectively. The 

following results and conclusions were obtained:   

1. Surface notched specimens produced relatively straight fatigue crack fronts both without 

(round 1 & round 2) and with (round 3) local compression prior to precracking. 

2. The optimal side grooves were 15 %B (depth of 7.5 %B on each side), where B is the 

thickness of the specimen. A total side-grooving depth of 10 % (5 %B on each side) was 

used for round 3 specimens and appears to have little or no effect on test results, as 

confirmed by the comparison with one plane-sided SE(T) specimen. 

3. Resistance R curves for weld metal (WM) were lower than those for base metal (BM) or 

heat-affected zone (HAZ) specimens, even though the WM overmatched the BM. 

Toughness properties for round 3 welds were superior to those for rounds 1 and 2 weld 

metals, although a difference in pipe wall thickness could moderate this conclusion. 

4. Power-law regression curves generated for data between exclusion lines (following 

ASTM procedures) adequately represented data measured for significantly larger crack 

growth, i.e., within 10 % error for an approximate doubling of crack growth.  

5. Toughness of BM, HAZ and WM increased significantly with decreases in initial crack 

length, although R-curves for dual-torch WM (R2) were relatively insensitive to initial 

crack length.  

6. In an overmatched weld notched in the HAZ, asymmetric deformation occurs at the crack 

tip and leads to biased crack growth and discrepancy in crack length measurements on the 

BM and WM sides. The crack grows toward the lower-strength base metal, and the 

change in crack length Δa tends to be larger on the WM side for overmatched welds.  
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